Introduction
Nanosized clusters or nanoparticles are new materials, which differ from individual atoms and bulk materials; showing unique chemical and physical properties. 1 Metal nanoclusters are of interest as catalysts due to their high surface-volume ratio and high proportion of low-coordinated active sites. 2 Among metallic nanoclusters, palladium-iridium (Pd-Ir) nanoalloys have been considered as important catalysts in a number of chemical and physical applications. [3] [4] [5] [6] [7] [8] For example, Pd-Ir nanoalloys act as catalysts for a range of organic reactions, including olefin hydrogenation and tetralin hydro-conversion through selective ring opening. 9 They are also applied in the preferential oxidation of CO for the elimination of impurities in H 2 production. 10 Palladium (Pd) is regarded as one of the best catalysts, owing to its excellent reactivity and stability, being the only bulk metal that can form a hydride phase at ambient temperature and pressure. 11 Pd-Ir is a demixing system in the bulk, exhibiting miscibility gaps with relatively high critical temperatures, 12, 13 but miscibility is enhanced at the nanoscale. 7, 9 Nanoalloying Pd and Ir not only enhances the catalytic activity, due to the synergistic effect of atomic configuration and electronic structures of the component metals, but also improves the selectivity of catalysts.
14 For Pd-Ir nanoalloys, their (geometric and electronic) structures are crucial to the understanding of their catalytic performances because the activity and selectivity are closely associated with structure. The catalytic performance also depends on composition, surface segregation and chemical ordering, and these characteristics of alloyed NPs can be controlled to tune their optical, electrical, and catalytic properties. [15] [16] [17] Moreover, both theory and experiment show that the binding of ligands can change the chemical ordering and the structures of nanoalloys. [18] [19] [20] The surface sites and the bonding of adsorbates under reaction conditions can also affect the surface structure and change the activity and the selectivity of nanocatalysts. Surface segregation of Pd has been reported to occur in the presence of reactive gases such as CO and O 2 , 21, 22 and the binding of CO molecules is commonly used as a probe to identify the nature of metal surface adsorption sites. 23, 24 Pd-Ir nanoalloys are often used as catalysts in the preferential oxidation of CO (PROX). 8, 10 The Pd-Ir system has rarely been studied computationally, [25] [26] [27] [28] [29] and relatively few catalytic studies have been devoted to Pd-Ir nanoalloys. 9, 27, 30 In this study, the structure and chemical ordering of bare and CO-adsorbed Pd-Ir nanoalloys have been investigated theoretically by using density functional theory (DFT). The mixing energy and the effect of CO adsorption on 
Methodology

Model
In our atomistic calculation, the (fcc packing) truncated octahedron (TO) having six {100} and eight {111} facets, has been chosen as the nanoparticle model to study 38-atom and 79-atom Pd-Ir nanoalloys (Fig. 1) . The TO structure is frequently adopted in theoretical and experimental studies, 32, 33 because of its high symmetry (O h ) and it being a fragment of a face-centered cubic crystal (fcc). The sizes of 38 and 79 atoms have been selected to describe the trend of structural stability for Pd-Ir nanoalloys with different compositions and configurations, which enables predictions for larger experimental fcc-based nanoparticles. Binary nanoalloys present increasing structural complexity compared with unary nanoclusters because the two components can have variable compositions and exhibit various chemical ordering patterns.
14 For example, there are ordered, Janus, ballcup, core-shell, sandwich structures and so on in nanoalloys, 34 some structures are shown in Fig. 2 . Here, the preferred position for a single Pd or Ir dopant in 38-atom and 79-atom nanoclusters is first investigated, considering the unique positions for singleatom substitutions. These dopant sites are shown in Fig. 1 for the 79-atom TO. For other compositions, we have constructed several configurations for 38-atom and 79-atom Pd-Ir nanoalloys. The configurations studied for 38-TO are shown in Fig. 2 . The ball-cup structures are generated by embedding (but not completely covering) one type of atom in the other. 35 The Janus alloy particle is formed by dividing the TO structure into discrete Pt For molecular adsorption studies, the CO molecule has been chosen for adsorption on TO 38-atom Pd-Ir nanoalloys. The possible adsorption sites on the surface of TO-shaped nanoparticles are grouped into eight symmetry-inequivalent sites, as shown in Fig. 3 . The sites include both (111) and (100) facets. 1 and 2 are the atop sites, on the center of the (111) facet and the edge atom between (111) and (100) facets, respectively. 3, 4 and 5 are bridge sites, respectively on the (111) facet, between the (111) and (100) facets, and between two (111) facets. 6 and 7 are (fcc) and (hcp) hollow sites on the (111) facet, 8 is the hollow site on the (100) facet. Calculations are performed by placing a single CO molecule at each of these sites and carrying out local DFT minimization.
DFT calculations
In this study, all calculations are performed using the DFT method, as implemented in the Vienna ab initio Simulation Package (VASP) code. 36 The interaction between valence electrons and ionic cores is described by the projector augmented wave (PAW) method. 37, 38 The generalized gradient approximation (GGA) is employed within the Perdew-Burke-Ernzerhof (PBE) parameterization for the exchange-correlation energy functional. 39 All the calculations are spin-polarized, and the valence electrons are treated explicitly. To avoid spurious periodic interactions, the bare clusters are placed into a sufficiently large supercell to ensure B10 Å separation by vacuum. All calculated clusters are locally geometrical optimized at the DFT level, where all cluster atoms, are relaxed until the forces on the atoms are lower than 0.01 eV Å À1 , and the electronic ground states are determined by requiring a total energy convergence of 10 À6 eV. In order to test the correctness of our computational methodology (VASP/PBE), a comparison of calculated and experimental lattice parameters (a), cohesive energies (E c ) and bulk modulus (B) for bulk fcc Pd and Ir has been made. As shown in the ESI, † the experimental and calculated values are in good agreement.
Energies
For the stability comparison of Pd-Ir nanoalloys with different compositions and different configurations, a mixing (or excess) 
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energy term (D) is calculated using:
where E tot (Pd m Ir n ) denotes the total energy of Pd m Ir n nanoalloys, E tot (Pd m+n ) and E tot (Ir m+n ) are the energies of pure Pd and Ir clusters with the same size (m + n) as Pd m Ir n . m and n are the number of atoms of metal Pd and Ir, respectively. A negative value of mixing energy (D) means an energy decrease after mixing and therefore favorable mixing, whereas positive values indicate a demixing tendency. The average binding energy E b is given by:
where m and n are the numbers of Pd and Ir atoms, E Pd and E Ir are the electronic energies of a single Pd or Ir atom. N is the total number of atoms, N = m + n. The adsorption energy of a CO molecule on Pd-Ir clusters is calculated as the difference between the total energies of the combined system and separated ones, which is expressed by:
where E tot (combined) is the total energy of CO adsorbed on the Pd-Ir cluster, E tot (cluster) is the energy of the locally-minimized bare Pd-Ir cluster and E tot (adsorbate) is the energy of an isolated CO molecule.
To compare the properties of alloyed clusters and pure clusters, the d-band center is calculated as:
where r is the d-band density, E is the d-band energy, rdE is the number of states. The d center values are calculated only for the (111) facets of the clusters, to allow a comparison between alloyed and pure clusters.
Results and discussion
Bare Pd-Ir nanoalloys
First, to investigate the site preference for Pd and Ir dopants in the TO Pd-Ir nanoalloys, we calculate the mixing energy of Pd-Ir nanoalloys with only one dopant atom. The results are listed in Table 1 . For the 38-TO cluster, a single Ir dopant in the Pd cluster preferentially occupies a core site (having the most negative D value), but it is most unfavourable in the corner (with largest positive D). Conversely, the most favourable The relative structural stabilities of Pd-Ir nanoalloys is determined by calculating the mixing energies for different compositions and configurations, as shown in Fig. 4 and 5. Fig. 4 describes the variation of mixing energies of 38-atom Pd-Ir nanoalloys with increasing Ir composition. From this figure, one can see that the Pd shell Ir core structure is the most stable configuration of all the isomers considered (having the most negative) mixing energy, because the Pd atoms on the surface are beneficial to lowering the total energy of Pd-Ir nanoalloys. This is consistent with the results for single dopants in Pd-Ir clusters, since Ir atoms preferentially occupy core sites. Conversely, the Pd core Ir shell isomer is the least stable structure, which is also consistent with the site preference of Pd doping, which is unfavourable in core sites. In addition, for different chemical orderings of Pd-Ir nanoalloys with the same composition, taking hex-Pd 32 Ir 6 , centroid-Pd 32 Ir 6 and core-shell-Pd 32 Ir 6 nanoalloys as examples, one can see the mixing energy (D) of hex 4 centroid 4 core-shell structures, which means for the same compositions, the stability of core-shell 4 centroid 4 hex. Similarly, the stability of Janus-Pd 19 Ir 19 is higher than that of orderedPd 19 Ir 19 , because of the much higher strength of the Ir-Ir bonds. 
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Moreover, for the Janus-type configurations with different compositions, Ir-rich clusters are most stable among all considered compositions. For ordered-structures, the Pd-rich cluster has the lowest mixing energy (0.176 eV) among all ordered structures. Interestingly, for both sandwich-type and ball-cup-type arrangements, the slightly Ir-rich structures have lowest mixing energies with mixing energies of À1.904 eV and À1.525 eV, respectively. To investigate the structural stability of Pd-Ir nanoalloys with different compositions and configurations, we calculate the mixing energies per atom of 38-atom and 79-atom Pd-Ir alloys with increasing Ir composition. As shown in Fig. 5 , the stability trend found for 38-TO also applies for 79-TO Pd-Ir nanoclusters. The same configurations of 38-atom and 79-atom Pd-Ir clusters are grouped in the coloured ellipses. Interestingly, for the core-shell group, one can see that the mixing energies of the core-shell structures and the corresponding pure clusters form a straight line for both Pd shell Ir core and Pd core Ir shell . Since Ir atoms prefer to occupy core sites, when the core sites of the Pd shell Ir core structure are gradually replaced by Pd atoms, the mixing energy of the core-shell structure increases, until D = 0 eV for the pure Pd clusters. 
CO adsorption
To investigate the best adsorption site of a CO molecule on TO 38-atom Pd-Ir nanoalloys and the effect of alloying on CO adsorption strength, we compare the adsorption energies (E ads ) of CO on several alloying configurations with pure Pd 38 and Ir 38 TO clusters in eight surface adsorption sites, as shown in Table 2 For the pure Pd cluster, the preferred position for adsorption of the CO molecule is site 6 (the fcc-hollow on the (111) facet), which has the most negative adsorption energy À2.12 eV, followed by the bridge site between two (111) facets (site 5, À2.11 eV). This agrees with a previous study showing that fcc and hcp hollow sites are the favoured sites for CO on the extended Pd(111) surface, and the bridge site is the second most stable. 45 Our calculations of CO adsorption on extended Pd(111), Pd(100), Ir(111) and Ir(100) surfaces, also show that hollow sites are preferred on Pd(111) surfaces with E ads = À2.05 eV and À2.07 eV for fcc hollow and hcp hollow sites, respectively, as shown in Table 3 . For the Pd(100) surface, the bridge-adsorption site is energetically most favourable for CO adsorption, in agreement with CO previous study. 46 The adsorption on the bridge site on the (111) facet (site 3) of the pure Pd cluster also has a reported adsorption energy of À2.12 eV, since CO adsorption on the (111)-bridge is unstable 
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(the site is not a local minimum), and the CO molecule relaxes to a neighbouring fcc-hollow (site 6). For the pure Ir 38 cluster, the atop site on the edge (site 2) is found to be the favoured position, followed by the atop site in the centre of the (111) facet. This result agrees with the extended Ir surface calculations listed in Table 3 , where the atop sites are found to be preferred on both the Ir(111) and Ir(100) surfaces. In previous computational and experimental studies of CO on Ir surfaces, the atop site was reported to be the most favourable site for CO on Ir(111) and Ir(100) surfaces. 47, 48 It is worth noting that on the pure Ir cluster, the CO molecule in hollow sites (the (111)-fcc-hollow, (111)-hcp-hollow and (100)-fourfold-hollow) all relax to neighbouring bridge positions (site 4 or site 5), probably because the corner atoms of the (111) facet have lower coordination numbers and bind CO more strongly. CO binding on the pure Ir cluster is significantly stronger (with more negative E ads values) than on the pure Pd cluster for all adsorption sites. Comparing the adsorption energies for the most strongly binding sites for Ir 38 and Pd 38 , E ads is 0.46 eV lower for Ir 38 than Pd 38 .
Moving to Pd-Ir nanoalloys, for the core-shell type, the fcc-hollow position (site 6) of CO on the Pd shell Ir core (Pd 32 Ir 6 ) cluster is found to be the preferred site, as for the pure Pd cluster, followed by the bridge position between two (111) facets (site 5). The adsorption strength of CO on the Pd shell Ir core cluster is lower than on the pure Pd cluster, for all sites except the atop sites. For the Pd core Ir shell (Pd 6 Ir 32 ) cluster, the edge atop site (site 2) is found to be the most favourable, as for the pure Ir cluster. For almost all sites, the adsorption strength of CO on Pd core Ir shell is stronger than on the pure Ir cluster, except for those sites where CO relaxes to other sites. The difference in the adsorption energies for the best sites on the Pd core Ir shell and Pd shell Ir core clusters is greater (0.70 eV) than for the pure metal clusters (0.46 eV), reflecting the strengthening of Ir-CO and weakening of Pd-CO binding on going from the pure to the core-shell clusters.
For Janus structures (Pd 19 Ir 19 ), the underlying Pd or Ir layers again affect the adsorption strength of CO on the other metal, but in a less straightforward way than for the core-shell clusters. As seen in Table 2 , the adsorption energies of CO on Janus-Pd (i.e. the Pd part of the Janus cluster) are generally more negative (indicating stronger Pd-CO binding). The bridge site between the (111) and (100) facets is the preferred site for CO on Janus-Pd (site 4), different from the pure Pd cluster and Pd shell Ir core cluster, which favour the fcc-hollow (site 6), though the difference in E ads is only 0.01 eV. The adsorption energies on Janus-Ir (i.e. the Ir part of the Janus cluster) are generally more negative (indicating stronger Ir-CO binding) than for the pure Ir cluster. The strongest binding site (more negative adsorption energy) is the centre-atop position (site 1), in contrast to the pure Ir and Pd core Ir shell clusters, which favour the edge-atop position (site 2). Again, the adsorption of CO on Ir is significantly greater than on Pd, with a difference in E ads of the favoured sites of 0.58 eV (i.e. intermediate between that for pure and core-shell clusters).
From Table 2 , we see that the fcc hollow site (site 6) is energetically the most favorable position for CO adsorption on Pd, except for the Janus-Pd cluster, while the atop site on the edge (site 2) is found to be the most favorable site for Ir, except the Janus-Ir cluster. Therefore, for comparison of the adsorption strength of CO for several alloying configurations and the pure clusters, we select several Pd-Ir configurations with CO adsorption on sites 2 and 6 as representatives, as shown in Fig. 7 . Comparing the pure clusters with core-shell and Janus nanoalloys, we observe that the adsorption strength on one particular metal (Pd or Ir) is affected by the presence of the other metal, whether it is in direct contact with the adsorbing metal atom or not.
For CO adsorption on Pd, the situation is complex. Due to the presence of Ir atoms, the CO adsorption strength on the Pd shell Ir core cluster decreases (E ads becomes less negative) while on the Janus-Pd cluster the adsorption strength is greater (more negative E ads ) compared to pure Pd 38 . For CO adsorption on Ir, CO molecules adsorbed on the fcc hollow site (site 6) relax to other positions, but the adsorption strength on both Pd core Ir shell and Janus-Ir clusters still increases compared to pure Ir 38 , indicating a positive effect of the underlying Pd atoms. Comparing these results with previous studies of CO adsorption on Au-Rh nanoalloys, 45 the strengthening of Ir-CO Therefore, electronic effects must also be investigated.
Alloying effect on adsorption strength
To further investigate trends in the adsorption strength of CO molecular adsorption on pure clusters and Pd-Ir nanoalloys, we calculate the d-band centers of several Pd-Ir configurations. Since we can clearly observe a significant downshift in the d-band centre for Pd shell Ir core and a small upshift for Janus-Pd, which corresponds to weaker CO adsorption on Pd shell Ir core and stronger adsorption on Janus-Pd, compared to Pd 38 . For CO adsorption on Ir, we observe an upshift of the d-band centers for both Janus-Ir and Pd core Ir shell clusters, when compared with pure Ir 38 , for both sites, though the upshift for 
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Janus-Ir is small. This follows the change of adsorption strength, since the adsorption of CO on Ir is stronger (more negative E ads ) for all alloy configurations on site 2 compared to pure Ir 38 , consistent with the prediction of the d-band model. However, for CO adsorption on site 6, the Ir-rich clusters do not always follow the trend of d-band center and adsorption strength, because CO adsorption on site 6 of Ir-rich clusters is unstable, CO moving to other sites. Fig. 8 also shows that the adsorption strength on site 6 is stronger than on site 2 for Pd-CO binding, while for Ir-CO binding, the adsorption strength on site 2 is not always better than on site 6 since CO on hollow sites is generally not stable, relaxing to neighboring sites (e.g. bridging sites), as can be seen in Fig. 7 .
To analyze the charge effect on the adsorption strength of alloy clusters relative to their corresponding pure clusters, we calculate the charges on the (111) layer of bare clusters and charge transfer between clusters and the CO adsorbate. These, along with the d-band centers and the metal-CO and C-O distances are shown in Table 4 . The Pd layer charges for Pd shell Ir core and Janus-Pd clusters are more positive than for the pure Pd cluster due to the effect of alloying with Ir. Conversely, the Ir layer charges become less positive when alloyed with Pd, though the electronegativity of Ir is equal to Pd (having the value 2.20). Meanwhile, the charge transferred from Janus-Ir and Pd core Ir shell clusters CO adsorbed on site 2 is more negative than for the pure Ir cluster. Perhaps, as Ir has fewer d electrons than Pd, this leads to d electron transfer from Pd to Ir.
Conclusions
The mixing properties of bare Pd-Ir clusters, the adsorption effect and preferred adsorption sites of the CO molecule on 38-atom Pd-Ir nanoclusters have been investigated theoretically using DFT methods. In agreement with the lower surface and cohesive energy of Pd than Ir, the calculations show that Pd shell Ir core clusters are the most stable structures and Pd cup Ir ball clusters are the second most stable, with negative mixing energies for all considered isomers, while Pd core Ir shell is the highest energy configuration, with large positive mixing energies. These results are also consistent with the site preference for Pd and Ir dopants in the TO Pd-Ir nanoalloys. The general stability order for both 38-atom and 79-atom Pd-Ir nanoclusters is Pd shell Ir core 4 Pd cup Ir ball 4 sandwich-Pd 4 Janus 4 sandwich-Ir 4 ordered E Pd ball Ir cup 4 Pd core Ir shell . Moreover, the Ir atoms exhibit significantly stronger adsorption of CO molecules than Pd atoms. The preferred binding site of CO on the pure Pd cluster is the fcc-hollow on the (111) facet, while the atop site on the edge atom between (111) and (100) facets is found to be the most favorable position for CO on the pure Ir cluster. These results agree with the favored binding sites for CO on extended Pd and Ir surfaces. In addition, the d-band center of the pure and nanoalloy clusters has been calculated to understand the adsorption strength of CO molecules on different clusters. Adsorption strength is found to follow the position of the d-band center in most, but not all cases. Charge effects have also been studied, correlating with the increase or decrease of adsorption strength, but the possible role of mechanical (strain) effects remains to be determined.
In future studies, we will investigate the effect of oxide supports (such as Al 2 O 3 ) on the structures and stabilities of Pd-Ir nanoalloys and on the adsorption of CO and other molecules, as well as reactions between adsorbed molecules.
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